A variety of spherical and structured activated charcoal supported Pt/Fe 3 O 4 composites with an average particle size of ∼100 nm have been synthesized by a self-assembly method using the difference of reduction potential between Pt (IV) and Fe (II) precursors as driving force. The formed Fe 3 O 4 nanoparticles (NPs) effectively prevent the aggregation of Pt nanocrystallites and promote the dispersion of Pt NPs on the surface of catalyst, which will be favorable for the exposure of Pt active sites for high-efficient adsorption and contact of substrate and hydrogen donor. The electron-enrichment state of Pt NPs donated by Fe 3 O 4 nanocrystallites is corroborated by XPS measurement, which is responsible for promoting and activating the terminal C=O bond of adsorbed substrate via a vertical configuration. The experimental results show that the activated charcoal supported Pt/Fe 3 O 4 catalyst exhibits 94.8% selectivity towards cinnamyl alcohol by the transfer hydrogenation of cinnamaldehyde with Pt loading of 2.46% under the optimum conditions of 120
I. INTRODUCTION
The chemoselective transformation of biomass-based unsaturated aldehyde has been recognized as a potentially promising candidate to bridge a gap between biomass resources and bio-chemicals [1, 2] . The products of cinnamaldehyde hydrogenation (e.g. hydrocinnamaldehyde, cinnamyl alcohol, hydrocinnamyl alcohol) can serve as significant feed stocks in pharmaceuticals, perfumes, cosmetics, and fine chemicals industries [3] [4] [5] . However, the chemoselective hydrogenation of C=O bond is more challenging because the hydrogenation of the C=C bond is thermodynamically more favorable than that of the C=O group. These byproducts formed by the hydrogenation of C=C bond will require a sophisticated purification procedure, which is labor-intensive and cost-expensive [6] [7] [8] . Consequently, many endeavors have been devoted to improving the se-lectivity toward cinnamyl alcohol over the past decades. Indeed, the selectivity towards the unsaturated alcohol has been improved by the presence of some external modifiers [9] [10] [11] (e.g., surface organic ligands or stabilizers, ion electron donating, alkali metal compounds) in the homogeneous and/or heterogeneous catalysis. However, the reaction mechanism will become more complex in the above-mentioned case. The activity and selectivity of the catalysts are strongly correlated with their properties such as geometric [12] [13] [14] (e.g., particle size, morphology, crystal phase) and electronic effects [15, 16] (e.g., electron-deficient or electron-rich). In addition, some of the additives are environmentally harmful. Therefore, it is imperative to explore facile methods for the synthesis of catalyst with comprehensive application.
In comparison to conventional hydrogenation reactions by the aid of external H 2 , transfer hydrogenation reaction is advantageous because of its safety, economy, and handy of operation. Moreover, transfer hydrogenation usually demostrates specific seletivity to target pro ducts. Thus, it is reasonable to be used in the reduction of various unsaturated compounds because the high activity and selectivity is independent of H 2 pressure [17] . The most popular hydrogen donor such as 2-propanol and formic acid/formate salt have received much more attentions [18] [19] [20] . For formic acid/formate salt, it is mostly utilized upon the homogeneous catalysts, such as Ir, Ru or Fe organometallic pincer complexes [19, 21, 22] . However, the separation and reusability of catalysts are the major concerns which are needed to be addressed. Additionally, the analysis of products is difficult as gas-chromatography is sensitive to minimal salts. In contrast to formic acid/formate salt, 2-propanol is commonly employed in the heterogeneous catalysis system. These hydrogenation reactions have been carried out with various supported catalysts, including active graphite carbon nitride, metal oxides, zeolites, and hydrotalcite [18, [23] [24] [25] . The catalytic activity and selectivity in the transfer hydrogenation of acetophenone can be adjusted by changing calcination temperature of alumnosilicate. The 94% yield toward phenethyl alcohol is achieved over nickel aluminosilicate nanocomposite calcined at 800
• C under the mild conditions of 90
• C for 3 h [26] . The Pt/TiO 2 catalyst, which is prepared by impregnation method and further reduced under flowing H 2 at 773 K, shows the excellent catalytic performance with 91% yield of phenethyl alcohol under the conditions of 76
• C for 2 h. Nevertheless, the yield is decreased to 3% after five successive recycles because of the formation of CO and carbonaceous [27] . Meanwhile, the employment of KOH is mandatory in these catalytic systems. It has also been reported that the catalytic activity of transfer hydrogenation of acetophenone is relatively poor in the absence of alkaline promoters [27] . However, the alkaline medium will lead to irreversible corrosion of the reaction device, and the residual alkaline needs to be neutralized by inorganic acid at the end of reaction. Thus, it is necessary to develop and design a rational catalyst, which can be synthesized by a facile method and be applied in a simple and clean system of transfer hydrogenation without any alkaline additives.
Herein, a variety of charcoal supported Pt/Fe 3 O 4 composites are prepared by a flexible redox method using the different reduction potential between Pt and Fe precursors. The electronic structure of this composite is investigated by XPS technique. The activity test shows that a high chemoselectivity towards cinnamyl alcohol with 95% in the transfer hydrogenation of cinnamaldehyde can be obtained. Besides, this composite can be rapidly separated from the reaction mixture by using its inherent magnetism upon the application of magnetic field.
II. EXPERIMENTS
A. Materials H 2 PtCl 6 ·6H 2 O (AR, ≥37.5% Pt) and cinnamaldehyde (GC, ≥95%) are purchased from Aladdin Chemical Reagent Co. Ltd. Analytical grade methanol, propanol, 2-propanol, 2-butanol, pentanol, n-octanol, potassium chloride (KCl), ferrous sulfate heptahydrate (FeSO 4 ·7H 2 O), and sodium hydroxide (NaOH) are purchased from Sinopharm Chemical Reagent Co. Ltd. All the reagents are used directly without further any purification treatment. Deionized water (18 MΩ·cm) is produced by a Milli-Q (Millipore, USA).
B. Catalyst preparation
Here, the activated charcoal has been firstly washed by diluted acid and deionized water for several times. Then it is dried in an oven at 60
• C for overnight. Finally, it is crushed into powder with a size of 20 mesh for further treatment. A series of activated charcoal supported Pt/Fe 3 O 4 catalysts have been prepared by a flexible redox method using different reduction potential between metal and support precursor. In a typical procedure, the calculated NaOH aqueous solution is added into FeSO 4 ·7H 2 O aqueous solution under N 2 protection, followed by the addition of H 2 PtCl 6 ·6H 2 O aqueous solution. Then the solution is heated at 70
• C for 1.8 h, and the activated charcoal powder is then added into the mixture. After treated at 70
• C for another 2 h, the sample is rapidly separated from the slurry by a rectangle magnet. It is washed with deionization water and ethanol for several times, respectively, and then dried at 60
• C overnight in a vacuum oven. The asobtained catalyst are denoted as xPt/Fe 3 O 4 -AC, where x represents Pt mass loading (0.83−4.81 wt%).
C. Catalyst characterization
Transmission electron microscopy (TEM) and high resolution transmission electron microscopy (HRTEM) images are recorded on a JEOL-2010 EX instrument operating at 200 kV. The scanning transmission electron microscopy (STEM) images and energy dispersive X-ray spectra (EDS) data are collected on a FEI Titan STEM instrument with a high-angle annular darkfield (HAADF) detector and an EDAX SiLi detector operated at 200 kV, respectively. The crystal phase structure of sample is analyzed by powder X-ray diffraction (PXRD) equipped with Cu Kα (λ=0.154 nm) radiation operating at 40 kV and 40 mA for 2θ angles ranging from 10
• to 75
• . X-ray photoelectron spectra (XPS) measurement is recorded on an ESCALAB 250 photoelectron spectrometer (Thermo-VG Scientific Co., LTD) with Al Kα X-ray radiation as the X-ray source for excitation. The bonding energy of C 1s peak (284.8 eV) is referenced as a calibration.
D. Catalytic activity test
Typically, 60 mg of cinnamaldehyde (CAL), 30 mg of catalyst, and 8 mL of solvent (hydrogen transfer DOI:10.1063/1674-0068/30/cjcp1703059 c ⃝2017 Chinese Physical Society donor) have been mixed and sealed in a 25-mL Teflonlined steel autoclave vessel. The mixture is heated to a targeted temperature under a flow of N 2 for several hours. After reaction, the liquid products have been identified by gas chromatography mass spectrometry (GC-MS, Thermo Fisher Scientific-TXQ), and quantitatively analyzed by GC (Shimadzu, GC-2010 Plus) using n-octanol as an internal standard. As outlined in Scheme 1, the transferred hydrogen atoms can attack the C=C or C=O bond of CAL to form hydrocinnamaldehyde (HCAL) or cinnamyl alcohol (COL), respectively. Hydrocinnamyl alcohol (HCOL) can be formed by the deep hydrogenation of both C=O and C=C bonds. In some case, 1-cinnamyl-2-propyl ether (CPE) can also be obtained from etherification of formed COL with 2-propanol. The other possible byproducts (e.g., methylstyrene, phenylpropane) are not detected in this work. The carbon balance has been checked in every run and it is found to be higher than 90%. Conversion of CAL and selectivities of products are calculated using the following equation: method [30] . This intimate electron interaction between Pt and Fe 3 O 4 would induce the activation of terminal C=O bond of CAL, leading to high selectivity toward COL [3] .
B. Catalytic evaluation
The screening of Pt/Fe 3 O 4 -AC catalysts has been performed for the transfer hydrogenation of CAL under the conditions of 120
• C for 6 h. The CAL conversion and products selectivity as the function of Pt loading have been investigated and the result is displayed in  FIG. 5 . It is obviously found that the CAL conversion gradually increases from 15.1% to 48.2% with the increase of Pt loading from 0.83 wt% to 2.46 wt%. The enhanced CAL conversion can be ascribed to more available Pt active sites on the surface of catalyst. Meanwhile, the selectivity for the desired product of COL is maintained higher than 95% for all the samples of 0. 83 Generally, the catalytic performance of heterogeneous catalyst highly depends on the experimental reaction conditions, such as reaction time and temperature. Therefore, the influence of reaction conditions on CAL conversion and products selectivity over 2.46 wt%Pt/Fe 3 O 4 -AC catalyst has been investigated and the results are summarized in Table I . As can be seen, the transfer hydrogenation of CAL does not take place efficiently at low reaction temperature of 90
• C due to a quite low reaction rate. Although the conversion of CAL is only 22.6% after 18 h, CAL can convert into COL with almost 100% selectivity (entry 4, Table  I ). With the reaction temperature elevating from 90
• C to 180
• C, the reaction rate of transfer hydrogenation increases significantly and 92.1% of CAL conversion can be obtained at 180
• C after 18 h (entry 16, Table I ). However, the reaction rate for side reactions, like hydrogenation of C=C bonds, also increases significantly giving rise to the obvious change in the selectivity of products. The selectivity for the desired product of COL reduces to 17.9% at 180
• C after 18 h reaction. It can be deduced that the very high activity of transfer hydrogenation over the Pt/Fe 3 O 4 -AC catalyst causes the hydrogenation of C=C and C=O bonds simultaneously.
In addition, the hydrogen donors and mass ratio of catalyst to substrate can also influence catalytic activity and selectivity in the transfer hydrogenation of CAL over Pt/Fe 3 O 4 -AC catalyst. The electronic properties of the hydrogen donor may play an important role in transfer hydrogenation reactions because the product formation strongly depends on the adsorption and activation of hydrogen donor on the surface of catalyst. Generally, the aliphatic secondary alcohol has a good reducibility because the corresponding alkyl diketone has a high reduction potential [31] . For example, Di Cosimo reported that aliphatic 2-propanol is better than propanol for the gas-phase transfer hydrogenation of mesityl oxide on MgO catalyst [32] . Table II summarizes the catalytic performance of 2.46 wt%Pt/Fe 3 O 4 -AC catalyst with different aliphatic alcohols as hydrogen donors. As can be seen, the use of methanol results in a poor CAL conversion (0.9%) and HCAL is the sole product (entry 1, Table II ). This may be put down to the feeble capability of transferring hydrogen due to the extremely strong binding effect of hydroxyl group. With the growth of carbon chain, the binding effect of hydroxyl group is weakened, giving rise to an improved CAL conversion (entry 2 and entry 3, Table II ). However, the byproduct of ether becomes main product resulting in a sharp decrease of COL selectivity when using pentanol as hydrogen donor (entry 3, Table II ). For the secondary alcohol, it shows an obvious improvement on CAL conversion and COL selectivity comparing with primary alcohols. Interestingly, 2-propanol shows a comparable catalytic activity and selectivity in comparison with 2-butanol (entry 4 and entry 5, Table II ). It may be attributed to similar reduction potential between the methyl ethyl ketone (productof 2-butanol oxidation) and acetone (product of 2-propanoloxidation) [31] . However, 2-propanol is safer, cheaper and more environment-benign than 2-butanol. Therefore, 2-propanol is selected as hydrogen donor for studying the effect of mass ratio of catalyst to substrate on catalytic performance. As shown in FIG. 6 , the CAL conversion is linearly related to the mass ratio of catalyst to substrate. It gradually increases from 22.4% to 63.1% as the mass ratio ranges from 0.125 to 0.75. However, the selectivity towards COL declines from 96.1% to 85.6%. It is worth noting that the selectivity towards COL is beyond 95% when the mass ratio is lower than 0.5. From the experimental results we can infer that the chemoselective transfer hydrogen of C=O bond of CAL is superior than C=C bond over the 2.46 wt%Pt/Fe 3 O 4 -AC catalyst. The side reactions for the hydrogenation of C=O bond and/or C=C bond are induced by the redundant available active sites when the mass ratio increases to 0.75, resulting in a decrease of selectivity towards COL. Thus, the optimal mass ratio of catalyst to substrate is fixed at 0.5 for further investigation.
We further explore the reusability of 2.46 wt%Pt/ Fe 3 O 4 -AC catalyst (FIG. 7) . The used catalyst is collected by an external magnet, washed with deionized water and ethanol, and then dried overnight at 60
• C in a vacuum oven. Although the catalyst deactivates in the 5th run, the selectivity towards COL is still reasonably high, suggesting a good reusability. 
C. Mechanism of hydrogenation transfer reduction
The Meerwein-Ponndorf-Verley (MPV) reaction provides a convenient and feasible route which can selectively reduce unsaturated aldehydes into the corresponding alcohols by hydrogen transfer donor, such as isopropanol [33, 34] . The hydrogen transfer reaction includes an intermediate state where hydrogen atom derived from isopropanol is transferred to the C=O bond of CAL. It probably involves cyclic six-membered transition stats, which has been proposed upon potassium phosphate, magnesium oxide, and so forth [33, 35] . In view of the previous literature and XPS measurement, we propose a plausible mechanism of hydrogen transfer. As depicted in Scheme 2, the electron-enriched Pt • C, 6 h, and using 2-propanol as a hydrogen donor. Additionally, it shows a good reusability profiting from rapid separation from the mixture via a magnet due to its natural magnetism. 
